Abstract-The minor loops of and of steel due to pulse excitation and eddy currents induced in steel affect the magnetic characteristics of a permanent-magnet-type MRI. In this paper, the magnetic properties of a permanent magnet assembly is examined by using the finite-element method taking into account minor loop. The distribution of residual magnetization in the yoke is illustrated, and the effect of residual magnetization on the behavior of residual flux density is examined. It is shown that the behavior of and in minor loops is affected by the eddy currents in the yoke and pole piece.
I. INTRODUCTION
A PERMANENT-MAGNET-TYPE MRI [1] for the whole body provides a viable alternative to a resistive and superconducting MRI. As the permanent magnet assembly contains pole pieces and yokes which are made of steel, minor loops of and due to pulse excitation and eddy currents induced in the steel affect the magnetic characteristics of the permanent magnet assembly. Although the behavior of and in minor loops due to the hysteresis of pole pieces has been investigated in a previous paper [2] , the behavior of the residual flux density is different from measurement.
In this paper, the effects of minor loops and eddy currents in a yoke on the residual flux density are investigated. The detailed behavior of and in minor loops is illustrated using a simple model. It is shown that the minor loops and eddy currents in the yoke and pole piece affect the residual flux density considerably. Fig. 1 shows the cross section of a permanent magnet assembly for an MRI device. The yoke is composed of two steel plates (square, 530 mm 530 mm), two other steel plates (rings, 330 mm) each with a hole ( 60 mm) and four columns. The permanent magnet (ring) has a hole ( 60 mm). Although the actual assembly is three-dimensional (3-D) having four columns, it is simplified to an axisymmetric one when making FE calculations to reduce the CPU time and memory requirements. The yoke and pole piece are made of steel (SS400), and the con- ductivity is equal to 7.51 10 S/m. The magnetization of the Nd-Fe-B magnet is 1.21 T. The gradient coil having 15 turns is located on the surface of the pole piece. Fig. 2 shows the current in the gradient coil as a function of time. The eddy currents flow in the yoke and pole piece due to the pulse excitation shown in Fig. 2 . The eddy current distribution in the columns of the 3-D model and that of axisymmetric model are considerably different, and the amplitude of eddy current density in the axisymmetric model is much larger. Then, the eddy currents in the columns are neglected.
II. ANALYZED MODEL

III. METHOD OF ANALYSIS
The eddy currents and nonlinear magnetic properties are taken into account in the analysis by using the step-by-step method. A relaxation factor [3] is introduced in the NewtonRaphson iteration technique in order to reduce the number of iterations. One quarter of the region is analyzed. The Neuman condition is imposed on the boundary. An upper part of the minor loop (loop2) is interpolated as shown in Fig. 3 (a) using the measured hysteresis curves (loops 1 and 3) which are stored in a computer using the following relationship [2] : (1) 0018-9464/03$17.00 © 2003 IEEE where, for example, denotes the length between two points and . The initial magnetization and hysteresis curves are represented by a cubic polynomial. Some errors occur due to the linear interpolation as shown in Fig. 3(b) . Then, the linearly interpolated curve is shifted horizontally by to avoid such an inconvenience as shown in Fig. 3(b) .
A lower part of the minor loop is obtained from the upper part assuming that the lower part is symmetric with the upper one [2] like he Rayleigh loop. An error of such approximation is negligible when the amplitude of the minor loop is small [2] .
IV. BEHAVIOR OF AND OF A SIMPLE MODEL
In order to check the appropriateness of the developed simulation software, the detailed behavior of and along the complicated minor loops is analyzed using a simple model shown in Fig. 4 . One tenth of the amplitude of current (Fig. 2 ) in gradient coil is applied. Fig. 5 shows the loci of and at a point e. The instants of , , in Fig. 5 correspond to , , in Fig. 2 . and move along the minor loop in the direction of the arrow. At every pulse excitation, and move along the minor loop. When the current becomes zero after one pulse excitation, and become stable at points , ,
. The operating range of and in Fig. 5(b) is wider than that in Fig. 5(a) . This is caused by the skin effect due to eddy currents. This behavior suggests the appropriateness of the simulation of the minor loop.
V. RESULTS AND DISCUSSION Fig. 6 shows flux densities at instants , , at the point in the gap (Fig. 1) . They are periodically changed along with the current of the gradient coil for the case when hysteresis is taken into account only in the pole piece (case A), the case when hysteresis is taken into account in both pole piece and yoke (case B), the case when eddy currents in the yoke are also taken into account (case C), and the case when hysteresis and eddy currents in both the pole piece and yoke are taken into account (case D). The flux densities in Fig. 6 are the values at the instant when the transient phenomena are almost finished, but these values contain the result of the eddy current effect and hysteresis effect. The transient phenomena are shown later in Fig. 11 . is given by (2) where is the flux density at the instant ( A. is the flux density at the instant ( A). and are different from each other when eddy currents in the yoke is taken into account and those in the pole piece is neglected (case C). On the contrary, and have almost the same value in other cases A, B, and D. The behavior of in case D is not so different from the measured value in Fig. 7 , but the amplitude is different, because the analysis is assumed to be axisymmetric.
In order to investigate the mechanism of producing the residual flux density at point , the distribution of in the yoke and pole piece is investigated. Fig. 8(a)-(c) shows the equilines in the pole piece and yoke of cases B, C, and D, respectively.
on the surface of the yoke is very large when there are eddy currents in the yoke, as shown in Fig. 8(b) . on the surface of pole piece and yoke is very large when there are eddy currents in both the pole piece and yoke, as shown in Fig. 8(c) . This is caused by the skin effect due to eddy currents. Fig. 9(a)-(c) shows the equilines in the air of cases B, C, and D, respectively. Fig. 10 shows the loci of and at points , , and shown in Fig. 8(b) (case C) . Operating points of and at the points and move as well as those in Fig. 5 . The hysteresis loop approaches an initial magnetization curve at high flux density. Then, it is assumed that there is no minor loop when is more than 1.58 T in the calculation, and only measured hys- teresis loops less than 1.58 T are stored in a computer. Therefore, there are no minor loops at the point , the flux density of which is larger than 1.58 T. Fig. 11 shows waveforms of and of cases B and C to investigate the effect of eddy current. The figure suggests that the flux density on the surface (point of the yoke is increased and the change of flux is delayed due to the skin effect. From Figs. 6-11, we can find the following. 1) When eddy currents flow in the yoke, the transient phenomenon remains long as shown in Fig. 6 . Therefore, at the instant and that at are different. 2) When eddy currents flow in both the pole piece and yoke (case D), the transient phenomenon is not as prominent, as shown in Fig. 6 , as the eddy currents flow mainly in the pole piece. of cases A, B, and D converge to the periodic one faster than that of case C.
3) The flux density on the surface of the yoke (point becomes large due to the skin effect as shown in Fig. 11(b) (ii), when eddy currents flow. Therefore, on the surface of the yoke is also increased as illustrated in Fig. 8(b) . As a result, in the air (point ) becomes large (case C) as shown in Fig. 9(b) . On the contrary, in the air (point ) is not so large in case B, because the flux density in the pole piece and yoke is not so concentrated when there is no eddy current.
in the air (point ) in case D is also small, because there exist plus and minus (plus and minus values are nearly the same) in the pole piece due to the remarkable skin effect. 
VI. CONCLUSION
The results obtained are summarized as follows. 1) It is shown that the behavior of and along minor loops under pulse excitation is different in each position of the pole piece and yoke due to the skin effect.
2) The residual flux density becomes large when eddy currents flow in the yoke. This is because the flux density on the surface of the yoke is increased due to the skin effect, then the change of flux density becomes large.
3) It is illustrated that can be reduced when the flux density is not concentrated or the flux density in some region of the pole piece is higher and smaller than the average value due to the skin effect, resulting in plus and minus values of . The detailed magnetic field analysis taking account of the minor loop and eddy current which was discussed in the paper will give a useful suggestion for improving the resolution of the MRI device.
